Abstract-This letter presents a wideband all-metal cavity slot antenna with a filtering performance for space-borne synthetic aperture radar applications. The proposed antenna element consists of a metal cavity and several radiation slots. It is fabricated by aluminium through milling and welding process, the techniques of which are reliable for the space environment. Benefiting from multiresonances of the cavity and slots, the antenna is able to obtain a wide operating bandwidth. Additionally, the cavity has a very low profile of 2.8 mm, equivalent to 0.093 wavelength at the central operating frequency. An 8 × 12 antenna array is designed, fabricated, and measured for performance verification. The measured impedance bandwidth with S 11 <−10 dB is achieved from 7.2 to 12.2 GHz, giving a relative bandwidth of 51%. Furthermore, it shows good filtering characteristic with more than 20 dB outof-band rejections, which is capable to suppress unwanted interferences and contribute to a good electromagnetic compatibility design.
[1]- [4] . Due the specific applications, there are always many strict requirements on the antenna performance especially from space-borne SAR, such as compact size, light weight, excellent structural robustness, and good heat dissipation, as well as high efficiency and the ability of beam steering. All-metal antennas recently attract interests in outer-space applications as they are expected to withstand harsh temperature conditions and radiation levels existing in space environments [5] . However, seldom scanning active phased arrays for space-borne SAR systems are available to meet these demands currently.
Typically, a high-resolution SAR system demands a twodimensional wide-angle scanning active phased antenna array [6] , [7] , which is required to achieve a broad operating bandwidth, e.g., 3 GHz bandwidth is expected for 0.1 m resolution, and a transmit/receive (T/R) module should be terminated with one or two radiating elements in order to guarantee the wideangle scanning. In addition, the loss coming from such a feed network is significantly reduced compared with that of multielement subarray. Multilayer microstrip patch antennas are known for wide bandwidth, light weight, and low profile, but their poor heat conduction capability would result in the difficulty of thermal control measurement for the active phased array. Though the Vivaldi antennas are frequently utilized in a phased array design, their profile is too high to be accepted in practical application, and they also face the abovementioned problem as the microstrip antenna array.
Meanwhile, electromagnetic compatibility becomes a prominent problem nowadays as the SAR system is crowded into a congested space with other systems, such as data transmission, navigation, and telemetry. Regarding such an aspect, a filtering antenna is a good candidate for the front end of the SAR system. One possible solution is to integrate the filter into the feedline of an antenna array [8] [9] [10] , while for an antenna element, unintegrated structures are more preferred, which adopts the antenna itself as the filter to avoid the use of extra filtering structures and reduce the impedance mismatching [11] [12] [13] [14] . Nevertheless, most of the reported designs are based on a singlemultilayer patch or a substrate integrated waveguide. They are not the desired candidates for the space-borne active phased array applications while considering the thermal control, life cycle, and structural robustness.
Based on our previous research [15] , [16] , a wideband allmetal slot antenna array with a good filtering characteristic for space-borne application is presented in this work. A novel antenna element for the array is proposed to achieve wide bandwidth and stable passband performance by using a simple 1536-1225 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. metallic structure. The metallic material is applied to realize the proposed array, which is able to significantly alleviate the heat dissipation effect from the T/R modules. The whole 8 × 12 antenna array is arranged in multicolumns and multirows as an integral component. Such gridding configuration can help achieve a good structural strength. Detailed design and analysis as well as experimental verification of the proposed work will be presented in the following sections.
II. ANTENNA DESIGN AND ANALYSIS

A. Antenna Element Configuration
Fig . 1 shows the proposed antenna element of the array, consisting of a rectangular metal cavity, a metal matching block, an H-shaped slot, and a pair of C-shaped slots. The slots are milled on the top layer of the cavity (the metal patch as shown in Fig. 1 ), acting as the radiator. The antenna element is fed by an SMA connector, which is easy to interface with a T/R module. The matching metal block is stuck on the bottom side of the top layer. The inner conductor of the SMA connector is inserted into a hole milled in the matching block. Numerical analysis of the antenna is conducted in the commercial electromagnetic software HFSS, where the Floquet ports are implemented as excitation to evaluate the array performance.
Essential dimensions of the antenna element are obtained after optimization, i.e., L = 21.3 mm, W = 15.6 mm, H = 2.8 mm (height of the cavity), L slot = 4 mm, W slot = 7 mm, and L cut = 1.5 mm. These parameters play important roles in determining the antenna performance. It should be emphasized that the antenna cavity has a very low profile of 0.093λ 0 at the central operating frequency, which makes the antenna element suitable for different application scenarios and array conformation. In this work, the top and bottom surfaces of the cavity are both fabricated by a 0.5 mm thick metal patch so that the height of the whole antenna is only 3.8 mm.
B. Wideband Impedance Matching and Filtering Performance
As illustrated in above, the proposed antenna element can be adopted as an independent microwave module. Such a module is able to provide a controllable continuous impedance bandwidth, which ensures stable radiation patterns and maximizes the antenna gain. As shown in Fig. 2 , the coaxial feed utilized in the antenna element could excite a single cavity mode (TE 101 ) at the central frequency, so that the operating bandwidth is possible to be broadened from the central frequency to both sides. As the currents distributed on the top layer of the cavity radiate from the H-and C-shaped slots independently, electromagnetic resonance is generated at different frequencies, which contributes to wideband characteristic by exciting higher order modes (also shown in Fig. 2) . Furthermore, the purpose of introducing the matching block in the cavity is to provide extra Fig. 3(c) .
The filtering characteristic of the antenna element is also investigated. As mentioned above, the C-shaped and H-shaped slots are able to realize radiation independently, therefore each slot can be equivalent to a parallel circuit that has a complex admittance of G x + jB x (x indicates a specific circuit). Fig. 4 shows the simplified equivalent circuit of the antenna filtering schematic, where the effect of each portion of the antenna element is represented by a lumped component. Fig. 5 shows the simulated gain results of the antenna element in different structural configurations. After comparing the simulated realized gain under the conditions with and without C-shaped slots as shown in Fig. 5(a)-(c) , it can be concluded that the C-shaped slot is able to determine the radiation null in the lower band [nearby 5.7 GHz in Fig. 5(c) ]. One could also observe that the realized gain versus frequency in the lower band is monotonously increasing if the antenna is without the C-shaped slot, while the radiation null in the upper band [nearby14.0 GHz in Fig. 5(c) ] is almost unaffected. Similarly, radiation null in the upper band is controlled by the H-shaped slot, as shown in Fig. 5(d) -(f), while that in the lower band remains unchanged. Hence, it can be summarized that the C-shaped and H-shaped slots are able to control their resonant response independently.
C. Parametric Study
To obtain a better performance of the antenna element, it is essential to conduct a study on key parameters. As the most important parameters, dimensions of the C-shaped and H-shaped slots are analyzed at first. Fig. 6(a) and (b) shows the impedance bandwidth under conditions of various widths (L cut ) of the C-shaped slot and various lengths (W slot ) of the H-shaped slot, respectively. It can be observed that when the L cut decreases, the S 11 responses of the first and the second resonant frequency shift to lower band while the performance in passband is deteriorated. Regarding the W slot , the S 11 responses of the first and second resonant frequency have a contrary trend as the dimension changes. Further analysis on another dimension of the H-shaped slot (L slot ) found a similar effect as W slot .
The effects of these parameters on the radiation performance are given in Fig. 6(c) and (d) . The optimum values ensure a wide and flat passband while the filtering effect seems deteriorated with L cut less than 1.5 mm or W slot more than 6.5 mm. It is also worth mentioning that changing L cut and W slot can control the radiation nulls in the lower and upper bands independently, further verifying the above analysis. Meanwhile, the cavity height (H) and the length of the metal block (L m ) are also studied, and the results are shown in Fig. 6 (e) and (f). It can be seen that the S 11 of the first and second resonant frequencies is getting better as H increases, and the best value is found at H = 2.8 mm. Moreover, an interesting phenomenon observed from Fig. 6(f) as well as the study of other dimensions of the metal block is that changing these dimensions has very limited influence on the antenna impedance performance.
III. MEASURED RESULTS AND DISCUSSION
Applying the above-developed all-metal cavity slot element, an 8 × 12-element antenna array with element spacing of L = 21.3 mm for space-borne SAR is demonstrated in this work. The total size of the array is 255.6 mm × 124.8 mm. The whole array is divided into two metallic layers during the fabrication, i.e., the radiation layer and the cavity layer, which are manufactured by machine milling and assembled together by a welding technique [see Fig. 7(a) ], providing good heat dissipation and robustness to the antenna array. Fig. 7(b) shows the fabricated array prototype. The antenna filtering performance is measured by a far-ranged ultrawideband (UWB) horn antenna so that it is represented by a normalized S 21 . The radiation pattern of the antenna element is measured in a far-field anechoic chamber, whereas that of the antenna array is measured in a near-field anechoic chamber so as to show beam scanning characteristic. The measured reflection coefficient (represented by S 11 ), coupling of adjacent elements (represented by S 21 ), and normalized boresight gain of the antenna element are characterized at first. The measurement is performed by testing two of the adjacent antenna elements located at the center of the array. A comparison of the simulated and measured S 11 is given in Fig. 8(a) , showing that the simulated bandwidth of S 11 < −10 dB is from 7.5 to 11.5 GHz (42% fractional bandwidth) with a high roll-off rate outside the operating band, while the measured one shows a bit wider impedance bandwidth from 7.2 to 12.2 GHz (51% fractional bandwidth). The measured coupling performance of the adjacent elements along the broad side and the narrow side of the array is also shown in Fig. 8(a) , showing that the coupling along the broad side is less than −15 dB while that along the narrow side is less than −20 dB. The simulated and measured normalized gains of the antenna element are shown in Fig. 8(b) , which includes the gain performance in the passband and the filtering suppression out of band. The figure is normalized to the standard of the peak value in order to observe the filtering features. As the measured S 11 has a higher amplitude than the simulated one, it is understandable that minor disagreement of the realized gain exists in the operating band. Results also show that the antenna has good filtering response with >20 dB outof-band rejections.
The measured radiation patterns of the antenna element at lower (8 GHz), center (10 GHz), and higher (12 GHz) frequency are shown in Fig. 9 , where simulated results are also included. It can be seen that all the radiation patterns are maintained constant, and the cross-polarization levels achieve more than 40 dB lower than the primary polarization. Fig. 9(a), (c) , and (e) shows the radiation patterns in E-plane (xoz), while Fig. 9(b), (d) , and (f) shows the results in H-plane (yoz), from which one could identify that the antenna element owns similar radiation patterns in these two principal planes. The measured results also show that the gain of the antenna element is approximately 5 dBi in the lower band and 7 dBi in the upper band. The measured efficiency of the antenna element is better than 85% in the whole operating band.
To further evaluate the beam-scanning capability of the antenna array, external phase shifters are connected to all the antenna elements to provide specific phase scenarios on the array aperture. In this work, two scenarios of the array radiating at boresight and 30°off the boresight are measured, respectively. The radiation patterns of the uniform-excited antenna array at 8, 10, and 12 GHz in θ = 0 and θ = 30°beam directions are shown in Fig. 10 , showing that the array has stable radiation patterns at the interested frequencies and is able to meet the requirements from SAR applications. 
IV. CONCLUSION
In this work, a novel wideband and low-profile all-metal cavity slot antenna with filtering characteristic for space-borne SAR application is presented. The antenna structure is formed by a rectangular cavity, a metal block, and C-shaped and H-shaped slots. The C-shaped and H-shaped slots are able to control the filtering performance efficiently. The antenna owns a simple structure with very low profile (0.093λ at the central frequency). Measured results show that the antenna can operate in a 51% fractional bandwidth from 7.2 to 12.2 GHz with an average realized gain of 5 dBi and more than 20 dB out-of-band rejections. The array also shows an excellent phase-scanning capability. Despite the satisfactory electrical performance, the all-metal antenna array is also good at heat dissipation and structural robustness, which makes it a promising candidate for SAR applications.
